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Abstract: Real-time response, low cost, sensitive and easy setup fiber optic chemical sensors were fabricated by etching
a part of single mode fiber in hydrofluoric (HF) acid solution and tested in different water samples such as tap water,
DI water, salty and sugar water with different concentrations to record ringdown time (RDT) differences between media
due to refractive index differences by employing the fiber loop ringdown (FLRD) spectroscopy technique. Baseline
stability of 0.63% and the minimum detectable RDT of 5.05 µ s for this kind of fiber optic chemical sensors were
obtained. Fabricated sensors were coated with N,N-Diethyl-p-phenylenediamine for the first time and tested in several
water solutions. Afterwards, the sensors were immersed into salty and sugar water solutions in different concentrations.
The results showed that this kind of FLRDS fiber optic chemical sensors can be applicable to trace chemicals in water
solutions. Moreover, fiber optic sensors can be specially modified to trace specifically any target chemicals in solutions
for the special purpose and the early detection.
Key words: Fiber optic sensors, chemical trace, fiber optic, fiber optic chemical sensors, evanescent field, FLRD
spectroscopy technique

1. Introduction
Fiber optic sensors have inspired researchers for a long time for their widespread application area because of
high advantages such as light weight, long distance applications, low data loss, small size, high sensitivity and
immunity to electromagnetic interferences. The fiber loop ringdown spectroscopy (FLRDS) technique offers
multifunctionality in measurements because its working principle is based on the cavity ringdown spectroscopy
(CRDS) technique. Since a space between high reflective mirrors is used as the cavity in CRDS technique, a fiber
loop in several lengths is employed as the cavity in the FLRDS technique. Since having time domain technique
characteristics, in FLRDS, a small part of a laser beam is coupled into the fiber loop for several interactions with
measurands, hence the measurement stability and sensitivity dramatically increase. The FLRDS technique has
been utilized to measure various parameters such as refractive index [1–3], pressure [4–6], strain [7–9], magnetic
field [10], temperature [11, 12], biological species [13–15], and chemicals [16–18]. Chemical trace detection in
both gaseous and liquid media is highly important due to measuring hazardous and excessive chemicals such as
chlorine [19], ammonia [20], acetone [3], methane [21], carbon monoxide [22] and phosphate [23]. For chemical
trace detection, Nguyen et al. fabricated a fiber optic chloride sensor by employing fluorescence quenching of
acridinium dye so that the dye bounds covalently to chloride ions [24]. They obtained sensitivity for chloride
sensor at larger concentrations than 0.1 M. In the other study, Ding et al. developed fiber optic sensor based on
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suspended core fiber optic to trace chloride in concrete by immobilizing lucigenin on the inner surface of the fiber
with dip coating technique [25]. Choudhury and Yoshino [19] studied detection of chlorine content in drinking
water by fiber optic evanescent field (EF) absorption sensor. They used multimode fiber to setup U-shaped
sensor probes. In their work, bending radius is critically important for the system sensitivity. They used green
LED as light source to detect chlorine. As a sensing element, U-shaped probe with a single fiber is tested in
water solutions with different chlorine concentrations. In other work, Yolalmaz et al. [3] studied on detection of
chemicals by employing EF-FLRD technique in their system with a light source of 800 nm central wavelength.
They tested the sensors in eight different chemicals such as acetone, ethanol, decane, toluene, n-octane, DI water,
cyclohexane and dodecane and recorded RDTs by using the refractive index difference of the chemicals with
highly sensitive FLRDS system. All aforementioned studies have differences in system setup, laser light source
and its central wavelength and used fiber type when compared with our FLRDS system in this work. In this
study, a basic design, a simple standalone setup and low-cost fiber optic sensor system by using a CW-FLRDS
technique for trace chemicals was introduced. The CW-FLRDS system consists of basic components such as
a continuous wave laser diode and its driver, a single mode fiber loop, a free space photodetector, a function
generator and an oscilloscope. The aim in this study is to present the trace detection of chemicals in different
water solutions with an etched fiber. To the best of my knowledge, the first time the sensor head of this kind
of FLRDS chemical sensors coated with N,N-Diethyl-p-phenylenediamine (NDPD) for the purpose of chemical
trace testing in several water solutions by utilizing FLRDS technique. Obtained detection limit is independent
on any constraint of optical instruments such as oscilloscope and laser. The CW-FLRDS system does not
require an optical spectrum analyzer (OSA), additional components such as FPI/FBG or high precise working
and extra care to create air-gap/air-cavity to obtain trace chemicals of elements/compounds. The experimental
results show that this kind of FLRDS chemical sensors can be applicable to distinguish different solutions and
target measurand sensing with special treatment of sensor head and has a high potential to apply for the
early detection in broad application field such as land sliding, erosion, structural health monitoring, biomedical
applications, crack detection, etc. with additional specific treatment on the sensor head and enhanced system
features.
2. Experimental setup
2.1. CW-FLRDS system
Figure 1 presents the laboratory setup of CW-FLRDS system which is consisted of two main parts: the control
system and the sensor unit. The control system includes a fiber coupled continuous wave (CW) diode laser
(Thorlabs, SFL 1550 S) and its compact driver (Thorlabs, CLD 1015), a free space photodetector (Thorlabs,
DET 08 C/M) and electronic devices for controlling the system. The FLRDS sensor unit composed of a 110 m
single mode fiber loop (SMF 28 e, Corning Inc., Corning, NY, USA) of two identical couplers with a split ratio
99.9 : 0.1 (Opneti Communication Co., Shenzhen, China) and the fabricated sensor head by chemically etching
a part of the fiber loop. The etched fiber length to fabricate sensorhead is 12 cm. The minimum fiber loop
length required in the system can be calculated by considering laser source pulse producing time. The fiber loop
length must be long enough to allow laser pulse to complete single turn in the loop. Otherwise, seried pulses
will interfere and no ringdown will be obtained.
Bare SMF core and cladding diameters are approximately 8.2 µ m and 125 µ m, respectively. The total
optical loss, considering insertion losses, absorption loss and the losses in the couplers, when the laser beam
travels through the fiber loop was calculated to be less than 0.40 dB since the fiber splice loss was up to 0.02 dB.
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Figure 1. Schematic illustration of the CW-FLRDS system setup.

The laser beam for the system is generated by a 14 -pin butterfly external cavity laser diode at central wavelength
of 1550 ± 0.5 nm. The laser diode with 40 mW output power is performed at 300 mA operating current and 25
◦
C operation temperature. The compact driver of laser diode allows to run laser diode at constant temperature
and constant current. Generated laser beam was square modulated by the function generator. Only 0.1% of the
sent laser beam was injected into the fiber loop by first 99.9 : 0.1 coupler and the remaining amount separated
by the coupler (99.9% portion) so that it can be used as a light source for a new sensor setup. While the small
amount of coupled laser beam travels through the fiber loop, 0.1% of it is sent to the photodetector at each
round trip by the other 99.9: 0.1 coupler. Collected signals by the photodetector were plotted by an oscilloscope
(Tektronix TBS 1202 B, Tektronix, Inc., Beaverton, OR, USA). Plastic jacket of a small part of fiber from the
fiber loop was removed and chemically etched during 75 ± 5 min in 48% HF acid solution. The optical loss
of the system was increased since the cladding diameter was decreased by etching process, resulting an increase
in evanescent field on the sensor head. The optical loss is reciprocal to the cladding diameter and the RDT.
As the sensitivity of the sensors increases with radius of the etched sensorhead, a study was carried out on the
optimization between sensitivity versus etched radius and optical loss [26]. Figure 2 illustrates a sensor head
microscope image before and after etching. During etching process, data were recorded with 5 min steps. The
change of the optical loss through etching process was calculated by considering initial and final RDTs of the
system as 765.44 µ s and 733.85 µ s, respectively and obtained as 30.29 µ dB. Figure 2 a shows plastic jacket
removed and nonremoved parts of the sensor head. Fiber radii with and without plastic jacket are measured
as 245 µ m and 125 µ m, respectively. In Figure 2 b, etched sensor head with the radius of 38 ± 1.5 µ m is
shown. Figure 2 c presents the other part of fabricated sensor head. Afterwards, sensor head was treated with
hydrogen peroxide during 30 s and exposed to N,N-Diethyl-p-phenylenediamine (NDPD) solution for 30 s to
complete coating process. Choosing NDPD reason is that it can react with chlorine to form azo compound [19]
on the sensor head and hence, the detection of chemical trace respect to formed azo compound on the sensor
head due to the chlorine reaction ratio can be analyzed. When NDPD is oxidized by chlorine, magenta (red)
color is created [19]. While NDPD is oxidized by iron and cupper, it gives blue-colored product [27]. Studies
showed that to increase oxidizing ratio of agents and color development by Fe and Cu agents, pH level of the
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solution was changed [27, 28]. But for chlorine oxidizing, there is no additional treatment such as changing pH,
additional buffer solution etc. In this study, it is assumed that oxidizing with NDPD layer on the sensorhead
was mostly created by chlorine.

Figure 2. Image of a fabricated sensor head by chemical etching process under microscope. a) fiber with/without plastic
jacket, b) etched fiber and c) another part of etched fiber.

2.2. Working principle
Injected light beam travels many round trips in the fiber loop until it decays. Light beam intensity reduces
after every single round trip due to the optical loss and hence, the photodetector receives signals with different
intensity at each round. Intensity of received signals I by the photodetector is given by [29, 30]
I = I0 e−(Act/nL)

(1)

where I0 is incident beam intensity, A is total fiber transmission loss of the beam per round trip, c is
the speed of light, n is the average refractive index and L is the total length of the fiber loop. The time takes
to decrease from I to I0 /e is referred as ringdown time (RDT), τ0 , and is written by Eq. ( 2).
nL
cA

(2)

nL
c(A + B)

(3)

τ0 =

τ=

For an FLRDS sensor, the total transmission loss does not change because it is calculated by the fiber
loop parameters such as insertion losses in the couplers, fiber absorption loss and transmission loss. Once a
sensing action is generated on the sensor head such as changing medium around the sensor head, an extra
optical loss, B , is created. Changed RDT, τ , due to generated additional optical loss is given by Eq. ( 3).
From Eqs. ( 2 ) and ( 3), additional optical loss B is obtained to be
B=

1
nL 1
( − )
c τ
τ0

(4)

By using Eq. ( 4), when a sensing action such as strain, pressure or medium around the sensor head is
applied on the sensor head, it can be identified by obtaining RDTs with and without the sensing action. For this
kind of FLRDS chemical sensors, B denotes the optical loss differences between air and water solutions. Since
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water and air has different refractive indexes, optical refractive index of the sensor head and water interface
is affected whenever the sensor head immersed into the water solution. The amount of evanescent field (EF)
scattering loss changes with changing refractive index and hence recorded RDTs between air and water are
different [31–33]. The minimum measurable optical loss can be obtained by
Bmin = (

tr
σ
1
σ
)(
) = ( )(
)
τ0 τave
m τave

(5)

where tr is the round trip time of the laser beam in the loop, m is the number of rounds, and σ is the
standard deviation. σ/τave is the stability of baseline. The minimum detectable optical loss of the system is
calculated by using Eq. 5 as 31.5 µ dB. The minimum measurable RDT, τmin is obtained as 5.05 µ s by the
baseline stability and sensor RDT without any action on the sensor head. In this work, tr is calculated as 538.7
ns for 110 m loop and m is obtained as 20 . Further details on baseline stability calculations can be found in
references [30, 32, 33].
3. Results and discussion
Figure 3 shows the baseline stability of the NDPD coated FLRDS chemical sensor. Each data point in the
graph is the average of at least five data collected at every 10 s. The baseline stability was calculated by
considering collected RDT data when the sensor head is in air and no any additional loss created on the sensor.
The average RDT was obtained as 800.85 µ s and the standard deviation of the data was calculated as 5.076
s. Based on the obtained baseline stability of 0.63%, the minimum detectable RDT of the FLRDS chemical
sensor is calculated as 5.05 µ s so that it is the limit for the sensor system in which two different media can
be differentiated. The optical loss of the system is the critical parameter to compare differences of the media,
but in this study, even though the minimum detectable RDT is used for the comparisons, the optical loss was
considered and calculated at each step. In all data graphics, while y-axes show the RDT values, x-axes present
time. Each data point in the graphics is averaged of several collected data at every 10 s.
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Figure 3. Baseline stability of the FLRDS chemical sensor with 10 cm sensor head.

Figure 4 shows two sets of data collected from tap water and DI water solutions. The NDPD coated
sensor was first exposed to air and then immersed into the water solutions. The processes (air-water tests)
were repeated to present the repeatability of the sensors. Created optical loss between air-tap water when the
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sensorhead is immersed into tap water from air is calculated by using Eq. 4 as 75 µ dB. The minimum detectable
optical loss of the system is calculated by Eq. 5 as 31.5 µ dB. Therefore, these two media can be differentiated
by this kind of sensors. As mentioned before, the comparisons will be carried on by using minimum RDTs.
When the sensor head was in air, recorded RDT was 800.33 µ s. As soon as the sensorhead was immersed into
tap water solution, RDT was increased to 900.86 µ s. Difference between first air-tap water data in Figure 4a is
100.01 µ s which is higher than the minimum measurable RDT of the sensor system. Therefore, this difference
between two media can be obtainable by this kind of chemical sensors. Similarly, recorded RDT was 803.51 µ s
when the sensorhead was in air and the RDT was increased to 924.52 µ s when the sensorhead was immersed
into the solution. The RDT difference between first adjacent data in Figure 4 b (air-DI water) is calculated as
111.01 µ s which is also higher than the minimum measurable RDT so that it can be measurable.
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Figure 4. RDT measurements of fiber optic chemical sensors in a) tap water and b) DI water solutions.

Figure 5 presents the test of an NDPD coated FLRDS chemical sensor in different salty water concentrations. The sensor head was first immersed into DI water solution to show reproducibility and repeatability
of the sensor. First RDTs in air and DI water solution were recorded as 800.87 µ s and 925.77 µ s, respectively.
Next, the sensor head was immersed into 0.1 M salty water solution and the RDT was recorded 875.83 µ s.
Since the refractive indexes between tap water and 0.1 M salty water are different, recorded RDTs when the
sensorhead immersed into solutions are different due to the difference in created optical loss. The evanecsent
field penetration around the sensorhead in each solution/media changes related to the solution/media refractive
index. Therefore, the system optical loss changes respect to sensorhead’s exposed media. After the sensor head
rinsed with DI water, it was immersed into 0.05 M salty water solution. The RDT was recorded as 907.36 µ s.
RDT differences both between 0.05 M and 0.1 M salty water solutions and 0.05 M salty water and DI water
solutions are 8.10 µ s and 12.94 µ s, respectively that both of them are higher than the minimum measurable
RDT. Therefore, these media can also be distinguishable by the sensor. RDT values when the sensor head
was in DI water were almost repeatable as well as RDT values when the sensor head was exposed to air after
testing in each solution. Recorded RDTs show that this kind of FLRDS chemical sensors can be employed to
distinguish different solutions. Each data point in Figure 5 was obtained by taking the average of at least three
data.
Figure 6 shows the data set of FLRDS chemical sensor in sugar water with different concentrations.
Following the same steps as in Figure 5, the FLRDS chemical sensor was immersed into DI water solution
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Figure 5. FLRDS chemical sensor data set collected from different salty water concentrations.

twice to show sensor reproducibility and repeatability. First RDTs in air and DI water solution were recorded
as 789.33 µ s and 902.07 µ s, respectively. After DI water solution, the sensor was immersed into 0.1 M sugar
solution and the RDT was recorded as 935.12 µ s. After rinsed in DI water, the sensor was immersed into
0.05 M sugar solution. The RDT was obtained as 915.13 µ s. RDT differences between 0.1 M and 0.05 M
sugar water solutions and 0.05 M sugar water and DI water solutions are obtained as 6.69 µ s and 150.75
µ s, respectively. Because all solutions had different refracitve indexes, the FLRDS system optical loss changed
when the sensorhead immersed into the solutions, and hence, different RDT values can be recorded. Because
these obtained differences are higher than the minimum detectable RDT of the sensor system, these different
media can also be detectable by this kind of FLRDS chemical sensors. All recorded RDTs show that the FLRDS
chemical sensors can be utilized for trace chemical sensing in sugar water solution as well.
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Figure 6. FLRDS chemical sensor data set collected from different sugar water concentrations.

In this study, FLRDS chemical sensors were created by etching a part of SMF in 110 m fiber loop
and tested in several water solutions such as tap water, DI water, salty water and sugar water with different
concentrations. As mentioned in Ref. [19], NDPD reacts with chlorine and create azo compound. In our
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study, NDPD coated fiber optic sensors were tested in tap water and salty water solutions. From the obtained
results, two possibilities can be asserted: i) NDPD coating does not have any impact on the sensor sensitivity
because the measured RDT after the sensor head exposed from tap water or any other salty water solutions
did not change critically. ii) Azo compounds were formed on the sensor head, but our FLRDS system is not
so sensitive that we can determine the change. To observe the difference, system baseline must be more stable
and the minimum detectable RDT should be lower than the measurable value. Better baseline stability and
lower detectable RDT in an FLRD system can be obtained by using a narrow bandwidth laser, a photodetector
having a narrower operation wavelength, lower intrinsic loss in the FLRDS sensor system setup, etc. [3, 34].
Gangopadhyay et al developed a chemical sensor with 4 m SMF fiber loop by using 2.53 mm etched sensor
head for detection of different chemicals such dimethyl sulfoxide, ethilenediamine, and ethanol [16]. They were
built fiber loop with three different splitting ratio of 99 : 1, 96.5 : 3.5 and 99.5: 0.5 . System sensitivity may be
limited by higher splitting ratio and lower sensor head when compared with our system. In our study, NDPD
coating did not have significant effect on the sensor sensitivity to observe the difference. Fabricated FLRDS
chemical sensors were tested in various water solutions such as tap water, DI water, salty and sugar water with
different concentrations. The results indicate that this kind of FLRDS chemical sensors can be employed for
trace chemical detection in liquids. Furthermore, enhanced baseline and sensitivity will yield FLRDS sensors
to be applied for early detection.
4. Conclusion
In this study, a standalone, simple, sensitive, and low-cost fiber optic sensor system setup by using a CWFLRDS technique for chemical trace measurement was presented. The CW-FLRDS system composed of only
main components such as a continuous wave laser diode with its driver, a 110 m single mode fiber loop, a
free space photodetector, a function generator and an oscilloscope. FLRDS chemical sensors have the baseline
stability of 0.63% and the minimum detectable RDT of 5.05 µ s. Fabricated FLRDS chemical sensors were
coated with NDPD for the purpose of selectivity of chlorine chemical so that NDPD coating has no crucial
impact on the sensor sensitivity. Several water solutions such as tap water, DI water, salty and sugar water
with different concentrations were tested in this study with FLRDS chemical sensors and obtained results
indicate that this kind of FLRDS chemical sensors can differentiate solutions. For the target sensing with
higher sensitivity and to be applied fort the early detection purpose, the chemical sensors should be selectively
coated with materials which is sensitive to the selected measurands and the system components such as laser
source, photodetector, total loss of the fiber loop, etc. must be enhanced.
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